Power generating companies using and recycling cooling water usually experience deposition of insoluble salts on pipes carrying the water, leading to scaling problems. By controlling parameters that optimize competitive Ca complexation, the scaling potential could be reduced. This semiempirical study determined the effect of ligands in binding, as well as the optimum parameters for Ca complexation experimentally using simulated water solutions before modelling. Experimental results showed that metal binding to ligands depended on the type of metal in competition, the pH and the humic substance used. Zn and Pb voltammetric peaks decreased with the addition of humic acid, tannic acid and catechol. Ca showed a synergistic phenomenon in the form of increased peak heights of the trace cations. Using PHREEQC model saturation index output results, the mineral phases likely to precipitate were successfully described. Furthermore, the effect of changing pH on scale formation was determined. For example, we successfully described the influence of pH on speciation and complexation through the formation of H-humate À and humate 2À . The models showed that pH may be manipulated to govern the incidence of scale. Predictive models were derived to determine what would be a useful tool in reducing the potential for scaling.
INTRODUCTION
In this work, a semi-empirical approach is employed, complementing experimental results with modelling. To achieve these objectives, the authors of this article equilibrated trace metal ions (namely Pb 2þ , Cu 2þ and Zn 2þ ) separately with catechol, tannic acid and humic acid. Furthermore, the influence of Ca was investigated by measuring the peak height increases or decreases by adding it to the metal solutions before equilibration. By doing this, the influence of Ca/Mg ions in solution could be accurately accounted for. Finally, examples of scaling phases were studied by predictive simulations generated by the PHREEQC code. The simulative results show that, within a timeframe of the continuous recycling of real cooling water at Eskom, the saturation indices can be determined and manipulated, if the concentrations of the solutes dissolved in the cooling water are known, in order to manage scale formation.
MATERIALS AND METHODS
Humic acid, tannic acid and catechol (obtained from Sigma-Aldrich Company) and other reagents were of analytical grade unless otherwise stated. For solutions, Millipore water was used throughout the experiments. The concentrations of the free metal ion tracers (Zn and Pb) were determined by anodic stripping voltammetry. Voltammetric measurements were performed on an Autolab/ PGSTAT128N workstation (Metrohm AG, Switzerland). 
Determination of complexing capacities
Humic substances and metal solutions were mixed together, and the pH of the mixture was adjusted to 4 and 8 using 1.0 M NaOH. The Pb(II) and Zn(II) complexing capacities were determined by adding amounts of known concentration of tannic acid, humic acid and catechol to 6 mL of 20 mg/L of Pb and Zn ions at pH 4 and pH 8. Separately, these solutions were spiked with 50 μL of 1,000 mg/L Ca ions, and relative complexation measured. This method is based on the assumption that metal-ligand complexes are formed in different ratios, and that the temperatures at which the complexing capacities are established do not vary. The runs were conducted in triplicate and average peak heights were recorded.
Computation of free metal activities
The peak current I p , measured by square wave anodic stripping voltammetry (SWASV), which is proportional to the labile fraction of metal in the voltammetric measurement, is a weighted average of the diffusion of all metal species (free þ complexed). For a fully labile system (that is, a system in which all the relevant metal species (M (Cu, Fe, Pb, Zn) and ML in our system) are electroactive, the peak current I p is expressed as (Cheng & Allen ):
where F is the Faraday constant, A is the electrode surface area, n is the number of moles of electrons transferred per mole of metal oxidized or reduced, C Ã M,T is the total soluble metal concentration in the bulk solution, τ is characteristics time, and -D is the weighted average of the diffusion coefficient of all metal species (free þ complexed), which is expressed as:
where [M]* is the free metal ion concentration in bulk solution, [ML]* is the complexed metal concentration in bulk solution, D M and D ML are the diffusion coefficients of the free and complexed metal ion. The mass balance of metal in bulk solution is:
Defining normalized current Φ as the ratio of peak current in the presence of ligands to that of a ligand-free reference:
where Φ is the normalized current, I L P is the peak current in the presence of ligands and I P is that of the ligand-free reference. Combining Equations (2)-(4), the free metal ion activity in bulk solution is expressed as:
Equation (4) (2)).
RESULTS AND DISCUSSION
The results and discussion are divided into two parts: (1) complexation reactions and (2) 
Metal-ligand interactions at basic and acidic pH
The (Tables 2 and 3) .
Pb-complexation to chelating agents
Voltammetric results showed a decrease in peak heights of labile Pb when humic acid, tannic acid and catechol were added into the reaction flasks, as expected. Figure 1 shows a synergistic phenomenon in the form of increased peak heights of Pb in the presence of Ca. This phenomenon was used to determine the influence of Ca on metal-ligand complexation. The synergistic response, however, showed 
Zn-complexation to chelating agents
Similar to Pb, the lability of Zn also depended on pH and the type of chelating agent used during equilibration. In the complexing mixture with Ca and humic acid, labile Zn concentrations were higher than labile Pb at both pH 4 and pH 8 ( Figure 3 and Table 3 ). This implied that within the experimental conditions, Pb ions were more binding to HA than Zn ions. As a direct consequence, Ca competes better for HA binding in the presence of Zn than Pb. For these two trace metal ions, the binding scenario for humic acid applies when catechol is used at pH 4.
However, the binding results obtained when using catechol at pH 4 and tannic acid at pH 4 and pH 8 showed that Ca competes for binding sites better in the presence of Pb than Zn (Table 3) . This leads us to one argument: much as the trace metals are highly polarizing and therefore act as better coordinating centres to chelating agents, Ca will compete for ligands better in a solution mixture with one of the trace metals than the other. However, the capacity of Ca to bind will also depend on (1) the type of chelating ligand and (2) the physico-chemical conditions. At any point in time, therefore, one trace metal will be preferred to mark the capacity of Ca to bind, especially with voltammetric procedures. Besides competition for humic ligands, it is worth bearing in mind that competitive interactions of H þ , inorganic Pb and Zn species, and major cations with NOM will affect the pH, and at the same time affect Pb and Zn speciation (Pinheiro et al. ) . This anomaly could further be explained by the fact that the labile Ca will energize the Zn ions, leading to increased deposition per unit of time and, as a result, the observed high voltammetric peak differences. (Table 6 ).
The pH influences complex formation as well as precipitation. A typical example of pH influence using PHREEQC runs shows the formation of H-humate À and humate 2À in the concentrations of Pb 2þ simulations, using humic acid (Figure 4) . These are ions arising from humic acid, and they can combine with metals to form stable complexes.
Since this study was focussed on Ca, the formation of insoluble mineral phases such as calcium carbonate were imperative to describe scaling. However, the labile Zn and Pb ions could lead to insoluble phases such as lead carbonate and zinc carbonate, i.e., cerrusite and smithsonite, respectively. Therefore, the availability of Zn ions and Pb ions could also aggravate scaling. This is because they combine with anions, and in some cases, precipitate out. Figure 5 shows the ratio of Zn and Pb ions to the Ca ion after equilibration with humic acid, tannic acid and catechol. The versatility of PHREEQC has been proved to be important in determining the scaling formation when metals and ligands are present in cooling water. Thus this study shows the ease with which these metals form scale, as well as the formation of their complexes with chelating substances.
CONCLUSIONS
Metal binding to ligands depends on the type of metal in competition, the pH and the humic substance used as the organic compound. Model water solutions containing known concentrations of trace metals and ligands were successfully used to trace the Ca influence on their complexation. Zn and Pb voltammetric peaks decreased with the addition of humic acid, tannic acid and catechol. Ca showed a synergistic phenomenon in the form of increased peak heights of the trace cations, which depended on the type of chelating agent and pH. Labile trace ions, total Ca, were modelled by PHREEQC and the minerals that were most likely to generate scale, and were identified. The PHREEQC modelling can accurately generate speciation and saturation indices of various phases, and henceforth can be translated to scaling. The resulting saturation and speciation scenario in the model solutions could be applied in the real cooling waters at Eskom, which undergo constant recycling, resulting in evaporation that leads to the increased concentration of the water constituents. In addition, we simulated speciation to show the effect of changing physico-chemical parameters. We successfully described the influence of pH on speciation and complexation through the formation of H-humate À and humate 2À . The competition between major cations such as Ca and the trace metals such as Pb and Zn, for complexation with ligands in water, was shown to play a role in the mineral phases that contribute to scaling. Thus by controlling parameters that optimize Ca complexation, the scaling potential could be reduced. 
